By manipulating recovery intensity and exercise duration during high-intensity interval training (HIIT), we tested the hypothesis that fast inputs contribute more than metabolic stimuli to respiratory frequency (f R ) regulation. r What is the main finding and its importance?
Introduction
Recent evidence suggests that respiratory frequency (f R ) is a valid marker of effort during cycling exercise (Nicolò et al. 2014a (Nicolò et al. , 2016 . Unlike traditionally monitored physiological variables, such as oxygen uptake (V O 2 ), heart rate (HR) and blood lactate (La − ), f R is strongly associated with rating of perceived exertion (RPE) when manipulating both the work-to-rest ratio during high-intensity interval training (HIIT; Nicolò et al. 2014a) and exercise duration during continuous time trials (TT; Nicolò et al. 2016) . Moreover, RPE and f R respond in a similar way to several experimental interventions that affect performance, such as muscle fatigue (Marcora et al. 2008) , muscle damage (Davies et al. 2009 ), increases in body temperature (Hayashi et al. 2006 ) and hypoxia (Koglin & Kayser, 2013) .
The strong experimental link found between perceived exertion and f R suggests that the two variables may share a common regulation mechanism. It was proposed that f R and perceived exertion are at least partly regulated by central command (Nicolò et al. 2016) , i.e. the activity of motor and premotor areas of the brain relating to voluntary muscle contractions (de Morree et al. 2012) . Strong indirect evidence in favour of central command being the sensory signal for perceived exertion comes from exercise studies using partial blockade of sensory signals from skeletal muscle afferents, because they show that RPE is unchanged or even augmented with partial sensory blockade (Fernandes et al. 1990; Kjaer et al. 1999) . Further evidence comes from recent EEG data showing a relationship between RPE and movement-related cortical potentials (a direct measure of central command) in a series of experimental manipulations (de Morree et al. 2012 (de Morree et al. , 2014 Berchicci et al. 2013) , and the strongest evidence comes from the observation that the experimental disruption of the activity of cortical areas upstream of primary motor cortex affects perceived exertion (Zénon et al. 2015) .
Central command, together with signals from muscle afferent fibres and metabolic stimuli, is a major regulator of ventilation during exercise (for a detailed review, see Forster et al. 2012) . These inputs on ventilation act with different timings when abrupt changes in exercise workload occur. The rapid increase in ventilation at the beginning of exercise is accounted for by fast inputs, such as central command and afferent feedback, whereas the contribution of metabolic stimuli to ventilation is delayed (Duffin, 2014) . Despite the regulation of f R and tidal volume (V T ) being less studied than the regulation of minute ventilation (V E ), some findings suggest that the putative inputs driving ventilation might act separately on f R and V T . Isolating the effect of central command on cardiorespiratory responses by imagination of exercise under hypnosis, Thornton et al. (2001) found an increase in f R , with no change of V T . Bell & Duffin (2006) reported an immediate response of f R , but not of V T , in the transition from rest to exercise (and vice versa) and in the transition from passive to active leg extension exercise, where the increase in ventilation is largely regulated by central command; hence, the hypothesis that central command could play a role in the regulation of f R , but not of V T (Nicolò et al. 2015) . However, as seen in the aforementioned studies, the challenge to isolate experimentally the contribution of central command to ventilation from that of other inputs has often resulted in experimental conditions imperfectly replicating the true physiological state of exercise, particularly the hyperpnoea of heavy exercise (Sheel & Romer, 2012) . Consequently, little is known about the regulation of f R and V T during high-intensity exercise.
Instead of attempting to isolate the effect of central command on ventilation, in our study we aimed to test the hypothesis that during high-intensity exercise fast inputs (including central command) contribute more than metabolic stimuli to the regulation of f R . We used high-intensity interval training (HIIT) as an appropriate exercise model to test this hypothesis, in view of both the nature and practical relevance of this type of exercise. Indeed, abrupt changes in workload, as in HIIT, have the potential to dissociate, in part, the contribution of fast and slow inputs to ventilation. Besides, HIIT is a widely used and recommended training modality, but our understanding of the ventilatory responses to HIIT is limited. Specifically, we manipulated both recovery intensity and exercise duration during HIIT, while measuring self-selected work intensity, RPE and ventilatory and metabolic responses. We expected the manipulation of recovery intensity to determine systematic variations in workload across trials, probably accompanied by proportional variations in the magnitude of central command (Siemionow et al. 2000; Dai et al. 2001) . Based on previous findings during continuous exercise (Nicolò et al. 2016) , we expected the manipulation of exercise duration to dissociate f R and RPE from V T and from some markers of metabolic stimuli driving ventilation. Together, the aim of the two experimental manipulations was to provide further insight into the regulation of f R and V T during HIIT, with potentially important implications for the monitoring of f R as a marker of effort during exercise.
Methods

Ethical approval
This study was approved by the Ethics Committee of the University of Rome Sapienza (approval no. 3081) in compliance with the Declaration of Helsinki. Written informed consent was obtained from all participants.
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Subjects
Seven male participants (mean ± SD: age 24 ± 3 years, stature 1.77 ± 0.04 m and body mass 68 ± 7 kg) volunteered to participate in this study. They were well-trained competitive cyclists (De Pauw et al. 2013 ) with a minimum of 5 years of cycling experience and 250 km training per week. Participants were asked to refrain from strenuous exercise, consumption of alcohol and caffeine for at least 24 h before each test.
Experimental overview
All testing was completed in a laboratory with a room temperature of 19-21°C and at the same time of day (±1 h). Participants reported to the laboratory on eight separate occasions over a 5 week period, with visits separated by at least 48 h. During the first visit, participants performed a preliminary ramp incremental exercise test, followed by a familiarization trial. During visits 2 and 3, they performed a 10 and a 20 min continuous TT in random order. During the following visits, participants performed five experimental HIIT trials in random order on separate days. These consisted of four 10 min and one 20 min HIIT trial with different recovery intensities (i.e. 85, 70, 55 and 30% of the 10 min continuous TT mean power output, and 85% of the 20 min continuous TT mean power output). A standardized warm-up was performed before the two continuous TTs and the five HIIT trials. This consisted of 3 min at 100 W, 6 min at 50% of the peak power output (PPO) reached in the incremental test, 1 min at 60% of the PPO, and 1 min at 100 W. Trials were then preceded by 3 min of rest and 3 min pedalling at 20 W. All the protocols were performed on an electromagnetically braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands). The positions of the seat and handle bar on the ergometer were adjusted and recorded for each participant during the first visit to be reproduced for the following visits.
Ramp incremental test
Before the incremental test was performed, participants were presented with the Borg 6-20 RPE scale, and instructions were given according to established recommendations (Borg, 1998) . During the ramp incremental test, participants were asked to point out their perceived exertion on the RPE scale every minute during exercise and immediately after exhaustion. Perceived exertion rating during this test served as a familiarization with the scale, and RPE values were not included in subsequent data analysis.
The ramp incremental test to exhaustion was preceded by a 5 min warm-up at 100 W, 3 min of rest and 3 min pedalling at 20 W. The test consisted of a continuous ramped increase in work rate of 30 W min −1 , starting from 20 W. The preferred pedalling cadence was selected by each participant and was kept constant throughout the test, which terminated when the cadence decreased by more than 10 r.p.m. despite strong verbal encouragement. PeakV O 2 was defined as the highest value of a 30 s average, and PPO as the highest power output achieved at exhaustion, registered to the nearest 1 W. After recovering from the incremental test, participants were familiarized with the linear mode of the ergometer used in the continuous TTs and the HIIT protocols, as previously described (Nicolò et al. 2014a) .
Continuous time trials
A 10 and a 20 min TT were performed in random order according to previously reported procedures (Nicolò et al. 2014a (Nicolò et al. , 2016 . Briefly, participants were asked to self-pace the power output to achieve the maximal mean power output possible in each trial. With the exception of elapsed time and time to be completed, no feedback on performance or physiological measurements and no encouragement was given to participants, to minimize external factor influence (Currell & Jeukendrup, 2008) . The mean power output of the two TTs was used to set the recovery power output for the HIIT trials as detailed below.
Experimental HIIT trials
Four 10 min and one 20 min HIIT trial were performed in random order. The same work-recovery cycle of 60 s (30 s work and 30 s active recovery) was selected for all the trials. The HIIT recovery intensity was fixed throughout each trial, but differed across the four 10 min trials, corresponding to 85 (10 85%), 70 (10 70%), 55 (10 55%) and 30% (10 30%) of the 10 min continuous TT mean power output. The recovery intensity of the 20 min HIIT trial corresponded to 85% (20 85%) of the 20 min continuous TT mean power output. During all HIIT trials, the work intensity was self-paced by participants in order to achieve the best performance possible (i.e. the highest average power output). To this end, participants were allowed to choose the most effective pacing strategy, and this choice was not influenced by the experimenter. During the recovery phases, the ergometer was set in the hyperbolic mode (cadence-independent mode), which fixes the power output irrespective of the cadence selected by the participant. This is a convenient ergometer modality for manipulating recovery intensity. On the contrary, during the work phases, the ergometer was set in the linear mode (cadence-dependent mode), where changes in power output are determined by changes in pedalling cadence. This is a convenient ergometer modality for allowing the participant to self-pace the work intensity during HIIT, as previously reported (Nicolò et al. 2014a) . Control of breathing during high-intensity interval training
The exercise prescription approach used in the present study, previously defined as 'isoeffort' and 'isotime' (Nicolò et al. 2014a) , is an important feature of our experimental design. This approach guarantees the same exercise duration and a similar effort across different exercise protocols. Therefore, it allowed for the investigation of the effect of manipulation of recovery intensity on ventilatory responses, while excluding the effect of potentially confounding factors, such as session effort and exercise duration. A similar between-trial effort was also guaranteed when investigating the effect of exercise duration on ventilatory responses, by asking participants to achieve the best performance possible in both the 10 85% and the 20 85% trials. Given that the work intensity was self-paced, we tested experienced cyclists to ensure correct execution of the trials. During all trials, with the exception of elapsed time and time to be completed, no feedback on performance or physiological measurements and no encouragement was given to participants, to minimize external factor influence (Currell & Jeukendrup, 2008) . In contrast, participants were informed on both absolute and relative (percentage of the continuous TT) recovery power output before performing each trial, because during HIIT with active recovery the sustainable work intensity is influenced by recovery intensity. Specifically, self-selected work intensity was expected to increase with the decrease in recovery intensity, thus progressively enhancing the difference between work and recovery power output across trials. These expected systematic changes in workload across trials make the experimental design of the present study suitable to verify whether f R changes in proportion to variations in workload during HIIT. All the HIIT trials started with the work phase. Breath-by-breath data, RPE and La − were measured during HIIT as reported below.
Measurements
Pulmonary gas exchange,V E , f R , V T , end-tidal partial pressure of CO 2 (P ET,CO 2 ) and HR were measured breath by breath using a metabolic cart (Quark b2; Cosmed, Rome, Italy). Appropriate calibration procedures were performed according to the manufacturer's instructions. Capillary blood samples were drawn from the earlobe, and lactate was measured with a portable lactate analyser (Lactate Plus; Nova Biomedical, Waltham, MA, USA). Blood lactate was collected every 2 min during the 10 min HIIT trials and every 4 min during the 20 85% trial, in order to express values for every 20% of relative exercise duration.
Data analysis
To account for varying kinetics of physiological variables attributable to work and recovery phase alternation characterizing HIIT, variables were expressed as a function of the work-recovery cycle (complete cycle including work and a recovery phase) as previously described (Nicolò et al. 2014b) . Briefly, breath-by-breath data were averaged over 10 s, and the 60 s work-recovery cycle (30 s work and 30 s active recovery) was subdivided into six parts of 10 s each. To reduce the influence of the kinetics of physiological variables at the start of exercise, data from the first minute of exercise were removed from this analysis.
To investigate the time course of physiological variables, values from work and recovery phases were averaged together. When the time course of physiological variables was normalized to relative exercise duration, values from the 20 85% protocol were averaged over 2 min. Values from work and recovery phases were also averaged together when correlating f R ,V E and V T with RPE. Given that RPE was measured at discrete time points (every minute during exercise, immediately after the end of each work phase), values collected every 2 min were considered when normalizing the RPE values of the 20 85% protocol to relative exercise duration. For all the trials, the first data point (first 10% of the trial) was not included when correlating ventilatory variables with RPE.
For all the physiological variables reported in Table 1 and all the HIIT trials, the peak value was defined as the highest value of a 60 s average.
Statistical analysis
An a priori power analysis was performed using G * Power (version 3.1.9.2; Kiel University, Kiel, Germany). Expecting a large effect size for the effect of recovery intensity manipulation on the response of f R within the work-recovery cycle, a sample size of six was required based on 1 − β = 0.80 and α = 0.05. Seven participants were recruited to account for potential dropping out.
Statistical analysis was conducted using IBM SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA). Data were checked for normality before analysis. Student's paired t test was used to compare mean and peak values of mechanical and physiological variables of the 10 85% trial with those of the 20 85% trial, whereas a one-way repeated-measures ANOVA was used to compare mechanical and physiological variables of the four 10 min HIIT trials. In the event of a significant effect of trial, the Bonferroni test was used for follow-up analysis. A two-way repeated-measures ANOVA (trial × time) was used to analyse the effect of trial on mechanical, physiological and perceptual variables as a function of absolute (when comparing the four 10 min HIIT trials) and relative (when comparing the 10 85% with the 20 85% trial) exercise duration. A two-way repeated-measures ANOVA (trial × time) was also used to analyse the effect of manipulation of the recovery intensity on work-recovery cycle physiological responses.
A. Nicolò and others 5 0 ± 7 4 8 ± 7 4 8± 5 4 7± 7 5 0± 6 Peak f R (breaths min −1 ) 5 9 ± 6 5 9 ± 7 5 8± 5 5 7± 6 5 9± 6 Mean V T (l) 2.9 ± 0.4 § 2.9 ± 0.3 2.9 ± 0.4
Abbreviations: 10_85%, 10_70%, 10_55% and 10_30%, 10 min HIIT trial with recovery intensity corresponding to 85, 70, 55 and 30%, respectively, of the 10 min continuous time trial mean workload; 20_85%, 20 min HIIT trial with recovery intensity corresponding to 85% of the 20 min continuous time trial mean workload; f R , respiratory frequency; HIIT, high-intensity interval training; HR, heart rate;V CO 2 , carbon dioxide output;V E , minute ventilation;V O 2 , oxygen uptake; and V T , tidal volume. Values are means ± SD. * P < 0.05 versus 10_70%, † P < 0.05 versus 10_55%, ‡ P < 0.05 versus 10_30% and § P < 0.05 versus 20_85%.
When the sphericity assumption was violated, the Greenhouse-Geisser adjustment was performed. Partial eta squared (η p 2 ) effect sizes were calculated; an effect of η p 2 ࣙ 0.01 indicates a small, η p 2 ࣙ 0.059 a medium, and η p 2 ࣙ 0.138 a large effect (Cohen, 1988) . Within-subject correlation coefficients (r) were computed for the correlations between RPE and f R , RPE andV E and RPE and V T , using the method described by Bland & Altman (1995) . This method adjusts for repeated observations within participants by using multiple regression, with 'participant' treated as a categorical factor, using dummy variables. A correlation coefficient and a P value were obtained considering the five HIIT trials together, as well as for each trial considered separately. A value of P < 0.05 was considered statistically significant in all analyses. The results are expressed as means ± SD in the text and tables and as means ± SEM in the figures.
Results
The peakV O 2 and the PPO measured during the ramp incremental test were 4366 ± 412 ml min −1 (65 ± 6 ml kg −1 min −1 ) and 437 ± 38 W, respectively. The mean power output of the 10 and 20 min continuous TTs was 344 ± 35 and 311 ± 38 W, respectively. Table 1 reports mean and peak values of mechanical and physiological variables for the five HIIT trials. When manipulating the recovery intensity (comparing the four 10 min HIIT trials), an effect of trial (P < 0.038, η p 2 > 0.368) was found for mean power output, work phase mean power output, total work, mean cadence,V O 2 and peak HR, but not for the other variables. When manipulating the exercise duration (comparing the 10 85% with the 20 85% trial) an effect of trial (P < 0.033, η p 2 > 0.509) was found for all variables except for cadence,V O 2 , meanV E and f R . No significant difference was found when comparing the peak V T of the incremental test (3.2 ± 0.5) with the peak V T of any of the four 10 min HIIT trials. Figure 1 reports the time course of power output for the five HIIT trials. For the 10 min HIIT trials, a decrease in self-paced work intensity was observed with the increase in recovery intensity. Figure 2 reports the time course of f R and V T for the four 10 min HIIT trials. The f R showed a fast response to the alternation of work and recovery phases, proportional to the extent of workload variations across trials, while modest changes, opposite to the alternation of work and recovery phases, were observed for V T . Of note, a difference in response of f R and V T can be observed in the very first work-recovery cycle, where an increase and decrease in f R consistent with the alternation of the work and recovery phases was observed, while V T increased throughout the first minute of exercise, and even during recovery. The responses of f R and V T were analysed considering either the responses within the work-recovery cycle (Fig. 3) or the time course (Fig. 4) . Changes in power output, ventilatory variables, gas exchange variables and HR within the work-recovery cycle are reported in Fig. 3 . Unlike the f R responses, a delayed response to the alternation of work and recovery phases was found for most of the variables. An interaction (P < 0.001, η p 2 > 0.387) was observed for all the variables Control of breathing during high-intensity interval training reported except for V T (P = 0.062). An effect of time (P < 0.002, η p 2 > 0.566) was observed for all variables, whereas an effect of trial (P < 0.037, η p 2 > 0.369) was observed only forV O 2 and HR. Figure 4 depicts the time course of RPE and ventilatory variables for the four 10 min trials (Fig. 4A, C, E and G) , and for 10 85% and 20 85% expressed as a percentage of relative exercise duration (Fig. 4B, D, F and H) . When manipulating the recovery intensity, neither an interaction nor a main effect of trial was found for any variable, but they all showed a main effect of time (P < 0.001, η p 2 > 0.768). For RPE, a statistical trend (P = 0.067) was observed for the main effect of trial.
When manipulating the exercise duration, an interaction (P < 0.001, η p 2 > 0.476) was found forV E and V T , but not for RPE and f R . A main effect of trial was found only for V T (P < 0.001, η p 2 = 0.891), whereas a main effect of time (P < 0.001, η p 2 > 0.719) was found for all variables. Figure 5 depicts the time course ofV O 2 , carbon dioxide output (V CO 2 ), P ET,CO 2 and HR for the four 10 min HIIT trials (Fig. 5A, C, E and G) , and for 10 85% and 20 85% expressed as a percentage of relative exercise duration (Fig. 5B, D, F and H) . When manipulating the recovery intensity, an interaction (P < 0.002, η p 2 > 0.276) was observed for all variables, except for P ET,CO 2 . A main effect of trial (P = 0.004, η p 2 = 0.516) was found forV O 2 , but 
. Effect of manipulation of recovery intensity (left panels) and manipulation of exercise duration (right panels) on ratings of perceived exertion (RPE; A and B), f R (C and D),V E (E and F) and V T (G and H) for 10_85% (filled circles), 10_70% (open circles, left panels), 10_55% (filled triangles), 10_30% (open triangles) and 20_85% (open circles, right panels) conditions
Data are means ± SEM. * Significant interaction (P < 0.001). † Significant main effect of trial (P < 0.001). Control of breathing during high-intensity interval training 
. Effect of manipulation of recovery intensity (left panels) and manipulation of exercise duration (right panels) onV O2 (A and B),V CO2 (C and D), P ET,CO2 (E and F) and HR (G and H) for 10_85% (filled circles), 10_70% (open circles, left panels), 10_55% (filled triangles), 10_30% (open triangles) and 20_85% (open circles, right panels) conditions
Data are means ± SEM. * Significant interaction (P < 0.014). † Significant main effect of trial (P < 0.034).
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not for the other variables (HR, P = 0.099), whereas a main effect of time (P < 0.001, η p 2 > 0.883) was found for all variables. When manipulating the exercise duration, an interaction (P < 0.001, η p 2 > 0.687) was found foṙ V O 2 ,V CO 2 and HR, as well as for P ET,CO 2 (P = 0.014, η p 2 = 0.302). An effect of trial (P < 0.034, η p 2 > 0.559) was found forV CO 2 and HR, but not forV O 2 and P ET,CO 2 , whereas an effect of time (P < 0.001, η p 2 > 0.843) was found for all variables. When manipulating the recovery intensity, neither an interaction nor a main effect of trial was found for La − , but a significant effect of time (P < 0.001, η p 2 = 0.885) was found (Fig. 6A) . When manipulating the exercise duration, a statistical trend towards an interaction was found for La − (Fig. 6B ) after applying the Greenhouse-Geisser correction (P = 0.074), with a main effect of time (P < 0.001, η p 2 = 0.844), but no main effect of trial. Figure 7 depicts the correlations between RPE and f R , RPE andV E , and RPE and V T , when considering either the four 10 min intermittent trials (Fig. 7A) or 10 85% and 20 85% (Fig. 7B) . Correlation coefficients and P values of these correlations are reported in Table 2 . When the five intermittent trials were considered together, RPE was significantly correlated (P < 0.001) with f R (r = 0.87) anḋ V E (r = 0.80), but not with V T (r = −0.11; P = 0.053). When the intermittent trials were considered separately, significant correlations were found between RPE and both f R andV E , but generally not between RPE and V T .
Discussion
The present study clearly shows different responses of f R and V T during HIIT. Specifically, the main findings of the study are as follows: (i) when manipulating recovery intensity, f R , but not V T , showed a fast response to the alternation of the work and recovery phases, which was proportional to the extent of workload variations; (ii) when manipulating exercise duration, f R and RPE responses were dissociated from those of V T and some markers of metabolic stimuli driving ventilation; and (iii) a similar time course and a strong correlation were found between f R and RPE in all the conditions tested, whereas in general no correlation was found between V T and RPE. These findings are in line with our hypothesis that fast inputs (possibly including central command) contribute more than metabolic stimuli to the regulation of f R .
The abrupt changes in workload characterizing HIIT determined a fast increase and decrease in f R at the beginning of the work and recovery phases, respectively, unlike that for any other physiological variable investigated. This was particularly evident in the trial with the larger difference between work and recovery intensity (10 30%) and in line with what was found in a previous study (Nicolò et al. 2014b) . Furthermore, variations in f R to the alternation of the work and recovery phases were proportional to the extent of workload variations (Fig. 3) and thus, presumably, to changes in the magnitude of central command. Indeed, higher mechanical workload is accompanied by greater movement-related cortical potentials (Siemionow et al. 2000; de Morree et al. 2012 ) and functional magnetic resonance imaging signals (Dai et al. 2001) . Nonetheless, it has to be acknowledged that muscle afferent feedback may also vary proportionally with workload and is known to contribute to the fast response of f R (Bell & Duffin, 2006) . Although both muscle afferent feedback and central command are likely to have contribute to the fast response of f R observed herein, the experimental design used makes it difficult to understand their relative contributions and, consequently, this is beyond the scope of the present study. A delayed response ofV O 2 andV CO 2 to the alternation of the work and recovery phases was observed, thereby showing a dissociation between f R and some indicators of metabolic stimuli driving ventilation. Opposite to f R , V T showed a modest decrease and increase at the beginning of the work and recovery phases, respectively. Furthermore, the time course of V T was similar across different trials, resembling to some extent the time course ofV CO 2 .
When considering the overall time course, the link between f R and physical effort appears to be reinforced. Given the 'isoeffort' and 'isotime' prescription of the four 10 min HIIT sessions, a similar effort was expected across trials. In line with this, no significant between-trial differences were found for RPE and f R . For both variables, a similar and progressive increase over time was observed, and this is a feature of fatiguing exercise, as also found in other experimental conditions (Nicolò et al. 2014a (Nicolò et al. , 2016 . Between-trial differences were, however, observed for HR andV O 2 . The manipulation of exercise duration also revealed an association between f R and physical effort. Indeed, when values were normalized to the relative exercise duration (an analysis that equates performance trials differing in exercise duration in terms of effort; Nicolò et al. 2016) , no significant between-trial differences in f R and RPE were found. Conversely,V E , V T , HR,V CO 2 , V O 2 and La − (only a trend) were lower in the longest trial (20 85%). Therefore, the responses of f R and RPE were A. Nicolò and others Abbreviations: 10_85%, 10_70%, 10_55% and 10_30%, 10 min HIIT trial with recovery intensity corresponding to 85, 70, 55 and 30%, respectively, of the 10 min continuous time trial mean workload; 20_85%, 20 min HIIT trial with recovery intensity corresponding to 85% of the 20 min continuous time trial mean workload; f R , respiratory frequency; HIIT, high-intensity interval training; Overall, five HIIT trials considered together; P, α level; r, correlation coefficient; RPE, rating of perceived exertion;V E , minute ventilation; and V T , tidal volume.
dissociated from the responses of V T and some markers of metabolic stimuli driving ventilation, in line with what has previously been found during continuous time trials of different duration (Nicolò et al. 2016) . Considering the two experimental manipulations together, a strong correlation was found between RPE and f R in all the conditions tested, whereas in general, no correlation was found between RPE and V T . This confirms and extends previous findings showing a strong relationship between f R and RPE in different exercise protocols (Noble et al. 1973; Nicolò et al. 2014a Nicolò et al. , 2016 . Although the present design allows for a partial understanding of the mechanisms underlying the regulation of f R and V T during high-intensity exercise, our findings suggest the relevance of looking at the link between effort and f R regulation. This supports the possible contribution of central command to f R regulation, central command being defined in the cardiovascular field as an 'effort-induced modulation of autonomic function' (Williamson et al. 2006) . This definition was proposed because of the strong link between perceived effort, rather than exercise intensity per se, and the central command-mediated cardiovascular response (Williamson et al. 2006) . From this perspective, not only the proportional variation of f R to work and recovery intensity alternation, but also the increase in f R over time found in all the HIIT trials may have been partly driven by central command. The possibility that central command may have a role in the increase in f R over time is supported by the increase in movement-related cortical potentials (Berchicci et al. 2013; de Morree et al. 2014) and functional magnetic resonance imaging signals (Liu et al. 2003) during constant-workload fatiguing trials. Alternatively, the increase in f R over time might have been influenced by the well-documented increase in body temperature during fatiguing trials (González-Alonso et al. 1999) , given the strong association between body temperature and tachypnoea during exercise (Hayashi et al. 2006) . Conversely, the fast response of f R to the alternation of work and recovery can hardly be explained by changes in body temperature, which shows a substantially delayed response compared with variations in power output (Todd et al. 2014) . In fact, the influence of body temperature and central command on f R is not mutually exclusive, because the increase in body temperature may lead to an increase in the activity of central command (Hayashi et al. 2006) .
The similar V T responses observed across the four 10 min HIIT trials (Fig. 2) suggest the occurrence of the V T plateau phenomenon, which is usually documented during maximal incremental exercise (Sheel & Romer, 2012) . This phenomenon is often attributed to mechanical constraints that can be observed at relatively high levels oḟ V E , and the tachypnoeic breathing pattern that occurs is supposed to be a consequence of the attainment of maximal V T values (Sheel & Romer, 2012) . Accordingly, we cannot exclude the possibility that mechanical constraints could have partly prevented V T from increasing further and thus from changing in proportion to variations in workload during HIIT. This may be supported by the fact that the peak V T registered during the incremental test was not significantly different from any of the peak V T values found in the four 10 min HIIT trials. However, the V T plateau is a complex phenomenon, and the underlying mechanisms are not well understood. Some findings (Martin & Weil, 1979; McParland et al. 1991; Fan et al. 2012) , but not others (Gallagher et al. 1987) , suggest that V T stabilizes before the attainment of truly maximal V T levels. For instance, Martin & Weil (1979) suggested that V T is lowered by exercise-induced hypocapnia, because the V T plateau observed during a maximal incremental test was raised when CO 2 was added to the inspired gas for maintenance of isocapnia. Similar findings were reported more recently by Fan et al. (2012) . Therefore, the decrease in P ET,CO 2 observed during the four 10 min HIIT trials, which indicates progressive development of hypocapnia, might have contributed to stabilizing V T in the present study. However, this explanation is not supported by the findings of Gallagher et al. (1987) .
The fact that V T was similar in the four 10 min HIIT trials apparently contrasts with the relatively low values of V O 2 andV CO 2 found in the 10 30% trial. In contrast, the 10 30% trial showed the highest work-intensity power output and the highest La − (no significant differences across trials for La − ). A similar picture was found by Nicolò et al. (2014a) when using the 'isoeffort' and 'isotime' approach to compare continuous and different HIIT trials with a session duration of 30 min. The experimental design used in that study resulted in substantial differences inV O 2 , V CO 2 and La − across trials. However, similar responses of f R , V T andV E were found, and the HIIT trial with the lowest values ofV O 2 andV CO 2 had the highest values of work-intensity power output and La − , as in the present study. Therefore, it is conceivable that V T may be driven in part by metabolic stimuli associated with high values of La − , such as relatively low values of blood pH, and this is supported by mechanistic studies on animals (Borison et al. 1977 (Borison et al. , 1978 . The tachypnoeic breathing pattern observed by Nicolò et al. (2014a) was not attributable to the attainment of maximal V T values, because V T has been shown to be considerably lower during a 30 min maximal effort trial compared with a 10 min trial (Nicolò et al. 2016) . Likewise, a tachypnoeic breathing pattern was found during a high-intensity constant-workload trial despite the fact that V T values were lower than those observed during a maximal incremental test (Syabbalo et al. 1994) .
Other evidence suggests the existence of a differential control of V T and f R that is not dependent on the attainment of maximal levels of V T during high-intensity exercise. Looking at the very first work-recovery cycle of the four 10 min HIIT trials (Fig. 2) whereV E values were below 110 l min −1 , different responses of V T and f R can already be observed. The f R increased during the work phase and decreased during the recovery phase. Conversely, the V T increased throughout the first minute of exercise even during recovery, possibly driven by metabolic stimuli. A similar ventilatory pattern was documented during 10 s impulse bouts of exercise, showing a fast increase in f R and a delayed increase in V T and some metabolic stimuli, withV E reaching relatively low values (Bakker et al. 1980; Miyamoto et al. 1983) .
Our interpretation that central command may contribute to regulating f R but not V T is in line with findings from previous studies that have attempted to isolate the effect of central command on ventilatory responses. When asking participants to imagine heavy exercise under hypnosis, an increase in f R and HR, with no change in V T , was observed (Thornton et al. 2001) . At the end of the imagined exercise, a fast decrease in f R and a delayed decrease in HR occurred, while an increase in V T and P ET,CO 2 was observed (Thornton et al. 2001) . It is impressive how these responses resemble those found in the present study during real exercise despite the huge difference between the experimental conditions. A fast response of f R with no substantial change in V T was observed both at the beginning and at the end of a moderate-intensity exercise bout (Bell & Duffin, 2006) . Similar responses were also observed in the transition from passive to active exercise, where central command is a major drive to breathe (Bell & Duffin, 2006) . During high-intensity continuous exercise, an increase in central command, secondary to exercise-induced muscle fatigue (Marcora et al. 2008 ) and epidural anaesthesia (Amann et al. 2008) , determined an increase in f R with a mild decrease in V T compared with control conditions. Furthermore, the reported increase in f R was independent of muscle afferent feedback, which was either reduced because of epidural anaesthesia (Amann et al. 2008) or unchanged because of a fatiguing protocol specifically designed to induce muscle fatigue without affecting afferent neural feedback related to metabolic stress (Marcora et al. 2008) . The finding that central command can affect f R independently of muscle afferent feedback does not imply that afferent feedback does not contribute to regulation of f R . Conversely, the increase in f R during passive exercise (Bell & Duffin, 2006) and the decrease in f R with partial blockade of muscle afferent feedback during active exercise (Amann et al. 2010) clearly indicate that afferent feedback plays a role in regulating f R . Nonetheless, the relative contribution of afferent feedback to regulation of f R was found to be lower at high exercise intensity compared with moderate intensity (Amann et al. 2010) .
Our interpretation that f R is not largely regulated by metabolic stimuli, unlike V T , appears even more convincing in the light of evidence of a differential control of f R and V T in various experimental conditions. When voluntarily controlling f R , Haouzi & Bell (2009) elegantly showed that there is an inherent, fundamental mechanism that, according to the background level of CO 2 and metabolic rate, elaborates V T based on f R to keep alveolar ventilation constant. This was consistent irrespective of the experimental conditions tested, i.e. increased dead space, hypercapnia and light exercise (Haouzi & Bell, 2009 ). Interestingly, Ohashi et al. (2013) extended these findings and found that at rest CO 2 homeostasis is impaired when voluntarily controlling V T rather than f R , suggesting that f R is regulated by non-metabolic factors. Furthermore, metabolic stimuli known to increase ventilation, such as hypercapnia and hypoxia, have been reported to act primarily on V T . With a progressive increase in hypercapnia, V T increases first, but f R does not increase until hypercapnia reaches a significant level (Duffin et al. 2000) . A substantial increase in V T , with negligible changes in f R , was also found in response to an abrupt change of inspired CO 2 (Gelfand & Lambertsen, 1973) . During intermittent hypoxia, an increase in V T , with no change in f R , was observed (Mateika et al. 2004) .
When attempting to understand the mechanisms underlying exercise hyperpnoea, human studies that A. Nicolò and others replicate the true physiological state of exercise are subject to important limitations that have to be acknowledged. In the present design, there was no attempt to isolate the contribution of the putative inputs regulating ventilation. Besides, the use of self-paced HIIT performance trials limited the possibility of including measurements of some relevant physiological variables, such as pH, potassium, bicarbonate and the arterial partial pressures of O 2 and CO 2 . Therefore, the present findings cannot exclude the possibility that some of these metabolic stimuli might have played a role in regulating f R . Nevertheless, the limitations of such studies should not discourage researchers from elaborating experimental designs that aim to investigate ventilatory control during high-intensity exercise. Indeed, our findings highlight the relevance of conducting such studies, as well as the importance of manipulating exercise protocols as experimental interventions. Given the physiological and practical value of monitoring f R as a marker of physical effort, further investigations aiming to improve our understanding of the ventilatory control during high-intensity performance trials are needed.
Conclusions
We manipulated recovery intensity and exercise duration during HIIT to further our understanding of the regulation of f R and V T during high-intensity exercise, with a special interest in the link between f R and physical effort. When manipulating recovery intensity, f R , but not V T , responded rapidly and in proportion to changes in workload. Furthermore, both our experimental manipulations managed to dissociate the responses of f R and RPE from those of V T and some markers of metabolic stimuli driving ventilation. These findings may reveal a differential control of f R and V T during HIIT, with fast inputs (possibly including central command) appearing to contribute more than metabolic stimuli to regulation of f R . The understanding of the proportional contribution of central command and muscle afferent feedback to regulation of f R was beyond the scope of the present study and thus requires further investigation. Our findings underline the importance of differentiating between f R and V T , which may help to unravel the mechanisms underlying exercise hyperpnoea. From a practical perspective, the monitoring of f R as a marker of effort is further encouraged by the present findings.
